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SOME EFFECTS OF INTERNAL COOIANTS ON KNOCK-LIMITED AND
TEMPERATURE~LIMITED POWER AS DETERMINED IN A
SINGLE~CYLINDER AIRCRAFT TEST ENGINE
By Jerrold D. Wear, Louis F. Held, and James W.. Slough

SUMMARY

Objects — To detsimine the permissible increase in engine
power by using verious internal coolante from the consilderation of
fuel knock and cylinder cooling.

Scope. — Tests were conducted on a Wright C9GC cylinder under
the following conditiona:

Compression ratio « « & ¢« 4 ¢ ¢« ¢« o o ¢ 2 ¢ ¢ o o o » ¢ o & 7.0
Spark advance (except for variable spark~advance test),

degrees B.T.C. . . . « . + e 2+ e e v e s s s s e« s e 20
Cooling-air upstrean tcmperqture, OF & ¢ e ¢« v o« « o« » s o o« 125
Engine speed, TP « ¢« + « « & &+ o « =« o o « « & - « o 2500, 1820
Coolinp-air pressure drop at engine speed of 2500 rpm,

inches of water s e e s s s e e e « + o s 20,5
Cooling-air pressure drop at engine speed of 1830 rpm,

inchies of water . + ¢ ¢ + ¢« ¢ 4 ¢ o ¢ 4 4 o s s e o e« 10
Inlet~-air temperature (except for variable inlet~air-

temperature tests), OF . . v ¢ v ¢ ¢ ¢« ¢+ ¢« s s 2 s « o &« 250

Internal coolants tested were:

1. Water

2. 30-70 methyl alcohol-water volume percent mixture
3. T0-30 methyl alcohol-water volume percent mixture
L. Methyl alcohol

5. B0-20 ethyl aslcohol-water volume percent mixture

Coolant-fuel weight ratios of 0, 0.20, 0.35, 0.50, and 0.65 were
tested with Army 100-octane aviation gasoline used as the fuel
throughout these tests.
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For cach test the fuel-air ratio was varied and at each fuel-
air ratio thes inlet-air pressure was increased until either fuel
knock was record=d or the termperature of the rear middle cylinder
barrel exc:2ded a vilue of 325o F.

The relative effects of decreasing the spark advance and of
decreasing the inlet-air temperature are compared with the effects
of internal cooling.

Summary of resulte. ~ The following results were obtained
I'rom single~cylinder tests reported herein:

l. Based on these single-cylinder tests, it is estimated that
temperature-limited take—off power may be increased 60 percent,
knock-limited rated power increaced 50 percent, and knock-limited
craieine power increased GO percent through the use of internal
cvolante.

2. Basulis witn different percentages of metarl alcohol in a
Alxture of slcoh10l anl water indicate that a 70-50 methyl alcohol-
water volume percent mixture permitted the highest knock-limited
or temperature-limited performance at high fuel-air ratios.

3+ The mixture of etiyl alcohnl and water raised the permis-
sible temperature-limited jower more than the mixture of methyl
alcohol and water.

Ly, Tie wixture of ﬁethyl nlcohol and waler raised the permis-
sible knocli-limited power more than the wixture of ethyl »lcohol
and water.

5. AL knock- or temperature-linmited indicated mesn effective
fressures, the indlcated specific liquid consumption with internal
coolante was less than the indicated specific fuel consumption
with fuel alone above 250 indic2ted mean effective preesure at
2000 rpm and A cooling-air pressure drop of 2C inches of water and
nbove 230 indicated mean effective pressure at 1830 rpm and a
cooling—-air pressurs drep of 10 inches of water.

6. Lowering the inlet-air temperature or retarding the igni-~
tion timing wilhin practical limits did not permit as high knock-
limited or temperature-linited power as the addition of suitable
anounte of internal coolants.
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INTRODUCT ION

The NACA and other laboratories have been investigating the
effectiveness of internal coolants as a means of improving the
cooling and of suppressing the knock at high aircraft-engine powers.
Kuhring (reference 1) determined the effect of water and water-
alcohol mixtures as internal coolants on the temperatures of a super=-
charged Jaguar aircraft engine, Rothrock, Krsek, and Jones (refer-
ence 2) found-that water injected into the inteke manifold of a
single-cylinder aircraft engine permitted a large increase in knock-
limited power. :Potentiel benefits of water as an internal coolant
for aircraft engines at crulsing power are shown by tests in refer-
ence 3, Koenig and Hieser (reference li) show that it is poasible
to obtaln greater cooling in an aircraft engine by using both water
and fuel than with fuel alons.

The purpose of the investigation reported herein is (a) to
compare the effectiveness of mixtures of ethyl or methyl alcohol
and water. as internal coolants on the basis of both knock-=linited
and teuperature-limited power and (b) to compare internal cooling
with decressed inlet-air tempercture or retarded spurk as a means
of increasing the knock-limited or temperature-limited power in
aircraft engines,

The tests were made at the langley Wemorial Aeronautical Iabo-
ratory, langley Field, Va., during October and November 1942,

APPARATUS AND TEST PRCCEDNURE

The teste were conducted on a Wright C9GC cylinder mounted on
a CUE crankcase, The cyllrkler cowling aad the polnts for measuring
cooling-air static pressure drop across the cowling are shown in
figure 1.

A spray nozzle inserted into the intake manifold about

12 inches upstream from the intske~valve port was used to introduce
the coolant into the intake air (fig. 2). Both this nozzle and the
fuel nozzle were pointed downstream. The coolant was supplied at

a pressure of approximatecly 100 pounds per square linch and the flow
was controlled by a needle valve in the spray nozzle. Thils arrange-
ment permitted a large change of flow rate with a small change in
pressure drop across the spray nozzle, The coolant spray was con-
timious, whereas the fuel injection was timed to take place during
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the intake stroke. Inlet-alr temperature was msasured at the
outlet of the surge tank and before the introduction of fuel or
cooclant. The coolant~fuel ratios were set by calibrated rotameters
and the air flow was measured by a flat-plate orifice installed
according to A.S.M.E. practice (reference 5).

Engine conditions were as follows:

Compression ratio » « o« ¢ ¢ ¢« o s o o o « ¢ o s 2 s 2 « » o s {e0
Spark advance (except for variabls spark-adivance test),

dagree8 BuTeCe o ¢ o ¢ 2 ¢« ¢« o 2 ¢ s ¢ s o ¢« s ¢« s s o o s 20
Cooling-air upstream temperature, °F . . +» « + o « + « « « « 125
Ehr'm..spe.ed TPM o « « s+ o o = » s s s s s = s o s » 2500, 1830
Cooling-air pressure drop at engin: spoed of 2500 rpm,

Inches Of w2487 o o v o o 2 o o o o 5 o o o o s « 0 o « 20, 5
Coolinz—-air pressur: drop at engine speed of 1630 rpm,

inchas of water o o ¢ o o o ¢ ¢ 8 4 » o o o s o s o s o+ 10
Inlot-air tempersturc Setcent for variable inlet-air-

tomperaturs toests), e e 4 e & s e s 8 s o e s e s a e s 250

The unzins speeds and the cooling—air flos rates wcore arbi-
trarily selocted to simulate conditions at take-off, level flight
at rated power, and cruising.

Taroughout the t<stsc #ith internel coolants a constant spark
advanc: of 20° 3.T.C. was uscd and no attempt was made to get the
optimim spark advance »ith the coolant.

All the internal conlante were tested with -ne lot of Army
100-octane aviation gusoline. The fuel was obtained from the Army
supuly at Langley Fiela.

Specific liquid consumption in this paper is the sum of the
specific fuel and coolant consumptions in pounds per indicated
horsepower-hour. Ffuel-air ratios used include only the gasoline
and the air and not the internal coolanzs,

The methyl alcohol w25 a 95 percent commercial grade with
5 percent alcohols of hirher molecular weight. The ethyl alcohol
was 95 percent coumercial grade denatured with 0.1 percent benzene.

The maximum freezing point of the alcohol-water mixtures was
arbitrarily selected as ~70° F. in order to satisfy this limit,
the following approximzte cumpositions of the internal coolants
were used: ¥ethyl alcohol and waoter, a minimumm of 60 percent
alcohol by volunzy ethyl alcohnl and water, 2 minimm of 80 percent
alcohol by volumz.
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The tesbts consisted an determining the meximmm permissible
indicated nmean effective pressure and the corresponding indicated
specific luel consumption.at various.fuel-alr ratioes and several
coolant-finel ratios as limited by either (1) inripient kmock
detormined by an oseillograph with a Stancal pickup unit in the
cylinder or (2) a middle rear cylinder-barrel temperature of
%25° F. It was found that, by use of this value for a temperature
limit, the tests conld be run without froquent overhauls caused
by rapid ring wear or ring sticking. Throughout this report
temperature~limited data polnts as distinguished from knock-
limited data points will be marked oaly on the curves of indicated
nean effective pressure apgainst fuel-air ratio. Surface ignition,
when it occurred, was detected by momentarily cutting the igmition
srltch,.

TRST RESULTS Awl} DISUTISSION
Alcohol-Jater Mixturns

Methyl alcohnl. - Four volame-perceutare mixtures of aethyl
alcohol and water werae usced to Find thie mixinre that would rive
the besi sugine periormance: 100 pevcont water; 30 percrnt alrohol
and 70 percent wvater; 70 percent aluohol and 30 parcant =at-r; ant
100 percent alcohol. The coclant-fuel ratis was kept constant in
each case 2t O rercenk by wcisht.

Reeults shown in fimarec 3 and ) indicate that 1 70-30 methyl
alcohol~waler volume nercunt vixtare permittod the highest powsr
at fuel-air ratios hipner than o.0h, whearcas waler nlone was b- st
at ths lower ratios. Temperntures of tle rear spaik-plug bushing
for any one fmel-alr ratio and for any conatani pomer appear to
increasc wit! increscing alcohol content. {See points A, B, and
C in fig. 4.) Figare = showe that, with the 70-30 methyl alcohol-
water nixture, the indicated specific liquid consumption is con-
glderably tihe lowest for the indicated mean =ffcctive pressures
recorded above 280 pounds per square inch. Innsmuch ag the curves
in figure L ars hased on only iour data points, the data do not
accurately define the aleconol-watar ratio for peak performance for
high fuel-air ratios. Basedl ou the results in fimre L, a
70-30 methyl alcohol-wator mixtur. was used in the subhsequent
tects. This mixture also eatiafiss the arbitrarily selectéd
freczing-point limit of the lntcrnal coolant.

Ethyl alcohols = An 80-20 ~th7yl alcohnl-water volume porcent
mixture was ueed in the toeste with ethy! aleonul becanse this
mixture has the lowest ethyl-alcohol coutent thal wonld salisfy
e freozing temperalur:z of -70° F.
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Effact of Different Coolants on Power Iimitations and Fuel Consumption
as Dotermined by Engine Speed and Cocling-Air Pressure Drop

Engine spesd, 2500 rpm; cooling-air pressure drop across cowl-
ing, 5 inches of water. - Figire 6 presents data at virioue coolant-
fuel ratiss #ith methyl alcohol and water as tho coolant., At a
cooling-air pressure drop of 5 inches of water, the cniine perform-
ance was limited by temperature in evury case.

At any fuel-air ratio lower than 0.06, the maximm permissible
powar did not increase as the coolant-fuel ratio increared. Any
increase in power with conlant at constant fuel-sair ratio was at
the expenss of increased indicated specific fuel consumption except
at fuel-air ratiss lower than G.04%, where the indicated specific
Tuel consurption decreased with .increase of ~oovlanl-inel ratio.

The indieated specifie fuel consumption is plotted agninst the
fuel-air ratio insztend of the tntal liquid-alir ratio; therefors,
in any case wnure tho cool:mt bmrned, the inlicated rpecific fael
consumption dsecroased in toe lamu regions witn increascd coolant-
fuel ratio.

It may be seen in fizure 7 that teomporature rather than knock
#7as again tne limit iritiz the mixtnre of ethyl alcolwnl and water as
the ccolant, The maxirum perussible pewer with coolant shoss little
or no Increase over the maxi~mun with fuel alone at ver:; hizh fuel-air
rating (points A and B). Althcuph not ehowm, 90-20 ethyl alcohol-
water mixture »t nn enzine spred ol 2500 rpm and a cooling-air
pressure drop ol 5 inches ol wator seems to give an shruwt perk in
the vower eurve owing to extremcly rough running of the engine when
the fuel-nir ratio is increasud beyond a certain value at hich
coolant-fucl ratios.

knginec speed, 2500 rpm; cooling-sir pressurc drop Aacross
cowlinyz, 2u inches of water, - Al a cooliny-air pressurc drop of
20 1nches of water the perfornsnct with fuel alon= was knock-limited.
Dats with a mixtnrc of methyl alecohol and watcr (fir. 3} indicate
that a considersble increnee in nower is made possible at any oune
fuel-air ratieo v1th increasedl canlmt-fucl ratios. The performance
was knock-limited with low conlant-fuel ratios and becan~= tsmperature—
limited »t high coolant~fucl ratios.

Data with tha mixturm of ethyl alcohnl and rabter ac the internal
coolant are shovn in fiyure 2. ne roticeshls fact is thal knouck
rathar than bemnerstnre vas the bimiting factor cven at high indieated
mean eflfective prassurcs. It apu:zars trom the mirxtures used 2l theee
engine conditions that the mixtur: ot mcthyl sleohol and woter is
a boettar knoek suppressor ithen ic the mixinr. of nthyl mlechel and
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water. At the lower fuel-air ratios with ethyl alcohvl-water as
the ervlant Lhe lower coolan+-—fue1 ratio gave no increase in per-
mlsgible pcwer. .

Engine speod, 1830 rpm; cooling-air pressure drop across
cowling, 10 Thches of waker. = Figure 10 shows performance with
the mixture of methyl alcohol. and water. At these engine condi-
tions, a large increase in permissible power wis possible with high
coolant~fuel ratios with the power becoming temperature-~limited at
thez high ratios. Also, the indicated specific fuel consumption did
not increase at the high fual-air ratios with internal coolants to
the extent observed in the previous figures.

Figure 1] presents data with the mixturc of etinyl alconol and
water 28 the coolant, All the data points are knock-limited snd,
as in figure 9, no increase in power was evident with the low
coolant-{uel ratlos until high tucl-air ratios werc ronched.

Effect of Differ.nt Coolants and Power on Representative
Cylinder Temporatures ag Deternined by Enpgince Speed
and Cool Liu—-Air Preesure Drop

ingine spaed, 2500 rpm; coc 11ng—q1.r pressiurge drop across
cowling, T inchos of water. — . Spur: 14 prosenue oylind v “ompera-
tures as afrteted by varioun c'no'lnnt-—.f.'u 1 rativs of mixtures of
rclhyl aleohs1l ~nd water an cthyl alechol nnd waler at the knock-
Iimites? or tumporature-limited power. The temporatares of ihe rcar
gparz-plig bushins, £or any one fuel-air ratic, decreasad at high
cool'nt—""1cl ratios althongh the power incrcased. Fnr any one
power level, nuwever, the temparatures remained nearly constant as
the coolant—{uel ratio was increased and the fuel-air rativ was
decreased (points A, B, and C on fis. 12). The ethyl alcohol-
water nixture permitted higher permissible indicated mean effective
pressure at hlgh fuel-alr ratios and hizh coolant-~fucl ratios than
did the methyl alcohol~water mixture.,

The termination of the curves of indicatad mean effective
pressure 1s, in nost cases, not arn indicatior. of maximwu performance
obtained but is the limitation of the cross plots.

Englne spsed, 2500 rpm; cooling-sir pressure drop ?Cross
cowling, 20 inches of weoter. -T'rwpurn 145 zives nmresentat:.vr. engine
tarperatures as affected by various coolant-fuel weizht ratios of
mixtures of methyl alcohcl and wnker and ethyl alcehel and water
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At these engine condlitions the methyl alcohol~water mixture permits
higner permissible indicated mean effective pressire than does the
ethyl alcohol~water mixture.

Engine speed, 1830 rpm; cooling-air pressure drop across
cowling, 10 Inches of water. - Engine-temperature data with mixtures
of wmethyl alcohol and water and ethyl alcohol and water as the cool-
sante are shown in figure 1. The general temperature level was
lower at the lower engine speed.

Temperatures with the methyl alcohol znd water coolant were
the hirhest for constant povwer whather the data points witn this
coolant were knock-limited or temperatur~-limited. The fuel-air
ratios for any power level were differcnt for tne various coolants.

Effect of Interni:al Coolants on Process of Combustion

Effect of internal coolants on weight of inducted air. -~ Fig-
ure 15 presents dafa which indicate that Lne injection ol different
1ratios of various coolants into the intake manifold directly anhead
of the cylinder of this engine setup did not increase the weight
of inducted air to the engine.

Effect of internal coclants on thermal efficiency. — Values
of heal liberated per pound of air at tan stolchlometric mixture of
thz fuel and the corbustibles in the coolants are as follows:

Low heating Stoichiometric eat

value fuel-air ratio liberated
(Btua/1p) (Btu/1b air)
Fyel, 100-octane avia-
tion gasoline 18,5800 Q.0655 1245
Ze:thyl alconol 8,120 .155 1305
Ethyl alcohol 11,590 .111 1287

Dzta in figure 156 indicate tnat the thermal efficiency calcu-
lated From the indicztad specific liquid consumption and from the
foregoing table was decreasel very little relstive to fuel alone.
Points A, B, an? C un ficure 10, coneluded, show that at 2 constant
rower luvel the in?icated specific eir consumption decrensed
slirhtly as the coolant—fuel ratio of any onc coolant wag increaszd
because the fel-air ratio wzs decrcasing.

Effzct of coolent-fucl ratio on ths limiting-rich fual-air
mixture. - In figurce I7 knock-1imifted or temperature-linited dota
arc presenled which show ¢nsine performance vith and without
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coolants as limited by the richest fuel-air mixture that permitted
regular firing of the engine. This fuel-air mixture is designated
linmi ting-rich.fuel~air.mixture. Thesa curves do not represent
exxact values but give a good approximation with any of the coolants
used.

-Bngine Performance with Methyl Alcohol as a Fuel

Figures 18 and 19 show the comparison of engine performance
and temperatures obtalned with methyl alcohol and Army 100-octane
aviation gasoline as fuels. In this case the alcohol was injected
continuously and not timed as the gasoline fuel was in the other
cages. In order to compare the two fuels, the ratio of the actual
fuel~air ratio to the stoichiometric fuel-air ratio was used as the
abscissa of the curves. For gasoline fuel, 0.0663 was used as the
stoichiometric fuel-air ratio and, for the methyl alcohol, 0.155
was usad. 7The data wiih methyl alenhol were limited by the capacity
of the fuel systenm.

Effect of Tnlet-Air Temperature on Performancc with the
Mixture of Methyl Alcohol and Water as a Coolant

Data of engine performsnce with a mixture of amethyl alcohol
ant waoter as the intermal ccolant as affected by raising the inlet-
air temperature from 2500 F to 325° F are rresentad in figures 20
and 21. Al rich mixturrs the intcrnal cooling at an inlel-air
temperature of 325° F permitted increases in power over fuel alone
at 25C° F even thou7h the inlct-air temperature was incrsased 75° F
(Fig. 20). The temp.raturs of the rear spark~plug bushing, in the
rich resions, was lower with the low inlet—air temperature and
coolant than vwith the high inlct-air temperature and coolant even
taongh the power was graater. (See fige. 21.)

Effect of Spark Advance and Inlet-Air Temperatursz on Knock-Limited
or Tamperature-Limited Performsnce

Ths effect of retarding the spark below 20° B.T.C. at the high
engine speed of 2500 rpm is shown in figurs 22. The data show that,
under the test conditiona, retarding the spark permitted little or
no increase in the permissible power because of temperature limita—
tions with the retarded spark. The permissible power in the lean
regions was somewhat increased with retarded spark but was hardly
affected at high fuel-air ratios. This engine, with a spark advance
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of 15° R.T.C. and a fuel-air ratio of 0,07, permitted an indicated
nean effective pressure of 186 pounds per square inch with an indi-
cated sprecific fuel consumption of 0.L0 pound per horsepower—hour.
The sam> prrmissible power level, with a spark advance of 20° R.T. c.,
reanired an indicated specific fuel consumption of 0.2 pound per
horseposer~honr. The decrease in spark a'lvance allowed 3 lower
fuel-air ratio for the same nower lavel. The temperature of the
exhaust-valve gnide (fig. 23) increased as the spark was retarded
Tor =ny ons fuel-air ratio, rhereas the temperature of the reoar
spark-plug bushing increased in the lean rezions but was only
giirhtly affected a2t high fuel-alr ratios.

Data presented in figures 24 and 25 compare the effect of
retarded spar's or decressed inlet-air temperalure with the effect
of internal cooling oa permissible e=n:"ine performance and cylinder
temperaluraes. From figures 22 and 2L the indicated specific fuel
conguanblons were very close together for a spark advance of
207 ®.T.C. at t1z two inlet-air terperatures, whereas at 2 spark
advancz of F° B.7.C. lhe specific fuel consuamption waz hizher with
e lomer inlrt-2ir tomperature.

The additinsn of suitable amounts of internal coolant was more
effective for rairinr ths permissible Mmock-limited or temperature-
limited rower than tre r<tordiag of ta: igmmition tindag nr the
loviering of the inlet-air terperature. Tn thz lean-nivture re:ions
ratardirg the igition 1imin> raised the knock-limited performance
but lowered tiw teem ernture-limited porformance. Lowering the
inlet~air Lempevratnra raised ta2 knocihi~limited perform-n~: and
sliratly raised the toporature-linitesd gcrform"ncn. addition of
intarpal enclqmie bestef raised YLoth the knoe™ apd th: tempsrature
limits in the rich-nmixture regions.

SUWHARY OF RESHTTS

The folloawing results agrly to tects of intern=l coolants to
increasc the poraizsihle engine power aeg det=reincd in 2 single-
crlindar aireraft iest engin=:

1. Bacel on thase sinflo—cylinder txsts, it is astim=sted that
temeeratues-limitad tako~olf powsr may - incraascd 60 poreent,
knock=-1limited rat~d powsr incrcased ©J porcent, and krock-limited
cruising power increac:d OO percent through the use of internal
coolanis.

2. Results with difforont percentames of methyl aleohol in a
mixturs of alecohnl mui water indicate that a 70-%20 methyl alconol~
vater volume peorcenl mixture permitted tane hignzst knock-limited
or timprature-limited performance at igh fmcol-air ratios.
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Z. The mixture of ethyl alcohol and water ralsed the permis-
sible temparature~limited power morc than the mixturs of mothyl
alcohol and water.

h. Te mixture of methyl alcohol and water railsed the permis-
sible knock~limited power more than the mixture of ethyl elcohol
and water.

5. At knock- or temporature-limited indicated mean effective
prossures, tho indicated specific 1liquid consumption with internal
coolants was less than tho indicated specific fnel consumption
with fuel alone atove 250 indicated mean cffoctive pressure at
2500 rpm and a cooling-air pressurc drop of 20 inches of watcr and
ahove 230 indicatecd mean affective pressurc at 1820 rpm and a
cooling~air pressure drop of 1C inches of vator.

6. Towering the inlet-air temperature or retarding the igni-
tion timing within pracrticzl 1imits did not permit as hizh knock-
limited or temperatvre-limited power ac the addition of auitable
amounts of internal coolanla.
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Figure 24, - Concluded.
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Figure 25, - Effect of spark advance, inlet-alr temperature, and internal coolant on representa-—
tive engilne temperatures at maximum permissible inlet-alr pressure at an engine speed of 2500
rpm and a cooling-alr pressure drop across cowling of 20 inches of water, Wright CSGC cylinderj

eowliﬁlion ratio, 7.03 cooling-air upstream temperature, 125° Pj fuel, Army 100-octane aviation
gasoline,
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